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Reaction sites, surface states, and surface loaded electrocatalysts are photoinduced charge storage sites
and critical to photoelectrochemical (PEC) performance, however the charge transfer mechanisms
involved in the three remain poorly understood. Herein, we studied the charge transfer processes in
hematite (Fe,Osz) without/with loaded cobalt phosphate (CoPi) by operando photoinduced absorption
(PIA) spectroscopy. The loaded CoPi receives trapped holes in surface states at low potential and directly
captures holes in the valence band at high potential. Through the dynamic hole storage mechanisms,

loaded CoPi on Fe,Os facilitates spatial charge separation and serves as a charge transfer mediator,
Received 20th October 2022 instead of . talyst to ch th t idati hani ( tant third-ord tion)
Accepted 19th January 2023 instead of serving as a catalyst to change the water oxidation mechanism (constant third-order reaction).
The spatial separation of photoinduced charges between Fe,Oz and CoPi results in more long-lived

DO 10.1039/d25c05802b holes on the Fe,Os surface to improve PEC water oxidation kinetically. The dynamic charge collecting
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Introduction

Photoelectrochemical (PEC) water splitting is a promising
strategy to convert solar energy into clean hydrogen fuel.*
In PEC water splitting, the water oxidation process by a
photoanode is generally regarded as a bottleneck and strongly
relies on the surface hole density, which is related to various
hole storage sites.>* A high-performance photoanode is usually
composed of a conductive back contact, light-absorbing
semiconductor and surface loaded electrocatalyst. The
multiple interfaces (semiconductor]|electrocatalyst,
semiconductor|solution, and electrocatalyst|solution) and
charge storage sites (reaction sites, surface states of the
photoanode, and the loaded electrocatalyst) complicate the
surface reaction mechanisms.*® Therefore, understanding the
charge transfer mechanisms among reaction sites, surface
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mechanism sheds light on the understanding and designing of electrocatalyst loaded photoanodes.

states of the photoanode and the loaded electrocatalyst in
photoelectrocatalysis is critical.

Among various photoanodes, hematite (Fe,O;) has received
lots of attention owing to its abundant, nontoxic and scalable
characteristics.”® There have been many research studies on
revealing hole storage sites related to PEC properties in the bare
Fe,0; system, including reaction intermediates,”™" multi-hole
cooperation clusters**> and filling surface trap states.” In
order to promote PEC performances, the OER catalysts, such as
cobalt phosphate (CoPi)** and NiFe(OH), electrocatalysts,'>"
are usually loaded on the Fe,O; surface as new hole storage
sites. The loaded electrocatalyst negatively shifts the onset
potential and improves the photocurrent, while it definitely
influences or fully changes the properties of hole storage
sites resulting in complicated charge transfer processes. In
particular, the promoted role of the electrocatalyst on the Fe,O;
surface is a subject of debate, particularly CoPi, a common and
effective covering layer.®'*'*>' There appear two opposite
explanations about the role of CoPi including a catalyst
and spectator by (photo)electrochemical and spectroscopic
techniques.'®*>** Boettcher claimed that potential-sensing
electrochemical atomic force microscopy (AFM) in operando
gave the direct evidence of loaded CoPi as a catalyst by tracking
surface potential variation of CoPi in photoelectrocatalysis."®>°
Nevertheless, in situ spectroscopy likewise offered direct proof
of the CoPi layer as a spectator through similar spectra shapes
and charge transfer dynamics regardless of transient or steady
state spectroscopy.'#***® Furthermore, spectroscopic results
also revealed a crucial point that the contribution of the CoPi

Chem. Sci., 2023, 14,1861-1870 | 1861


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc05802b&domain=pdf&date_stamp=2023-02-15
http://orcid.org/0000-0001-7599-3869
http://orcid.org/0000-0001-6231-4521
http://orcid.org/0000-0002-9301-7850
https://doi.org/10.1039/d2sc05802b
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05802b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014007

Open Access Article. Published on 20 January 2023. Downloaded on 4/18/2026 5:06:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

layer to photocurrent was lower than 5%.”> However,
these research studies were mainly devoted to revealing the
reaction sites of the water oxidation reaction of Fe,O; modified
with an electrocatalyst and ignore interfacial dynamic
processes.

In principle, both the surface states of Fe,O; and loaded
electrocatalyst will compete for photoinduced holes with
reaction sites on the photoanode surface. The reduction
reaction of photoinduced holes by surface states or the
electrocatalyst is dependent on their thermodynamic driving
force, and should show distinct dynamics/kinetics. Generally,
compared with free holes in the valence band (VB), the trapped
holes in surface states possess a lower PEC activity and tend to
recombine with photoinduced electrons. If the loaded
electrocatalyst plays a leading role in surface catalysis, a surface
reaction kinetics similar to electrocatalysis is expected, vice
versa. But whether the trapped holes interact with the loaded
electrocatalyst and its role in photoelectrocatalysis is unclear.
More importantly, it is also not studied whether there is charge
transfer between the loaded electrocatalyst and reaction sites of
Fe,O; and its crucial roles if loaded electrocatalysts do not
serve as a catalyst. Thus, the dynamic interaction between the
electrocatalyst and Fe,O; and its role in PEC performances are
quite important and deserve to be studied deeply.

In this work, the charge transfer processes among surface
states, reaction sites and the coated electrocatalyst for Fe,O;
without/with CoPi loading were studied by photoinduced
absorption (PIA) spectroscopy. Loaded CoPi on the Fe,Os
surface does not remove the mid-gap surface states. The
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dynamic transition in collecting holes for loaded CoPi from
surface states to the VB following increasing potential is
discussed. The roles of the dynamic charge -collecting
mechanism in PEC water oxidation are revealed. This dynamic
mechanism sheds light on the understanding and designing of
electrocatalyst loaded photoanodes.

Results and discussion

Determining the distribution of surface states in bare Fe,0;
and CoPi/Fe,0;

Fe,0; photoanodes were prepared by a combined method of
solvothermal and high-temperature calcination.*” A subsequent
electrodeposition was applied to obtain CoPi/Fe,O3
photoanodes.* The cyclic voltammetry (CV) curve of CoPi/Fe,03
shows negligible current at the applied bias of 0.6-1.6 Vvs. RHE
in the dark (Fig. S11), while the CV curve of CoPi displays
obvious current for cobalt oxidation or water oxidation. The
negligible current of CoPi/Fe,O; suggests a dense and non-
porous Fe, O3 film." For the PEC performances, loaded CoPi on
the Fe,O; surface negatively shifts onset potential, improves
photocurrent, and enhances transient spikes (Fig. 1a and b), in
line with previous reports.****2®

In order to determine the charge transfer processes among
reaction sites, surface states and the surface loaded
electrocatalyst, the potential distribution of mid-gap or surface
states is first investigated by electrochemical impedance
spectroscopy (EIS) under illumination and in the dark. The EIS
results (Fig. 1c and d) fitted with the equivalent circuit (Fig. S27)
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Fig. 1 Potential-dependent transient photocurrents for (a) bare Fe,O3 and (b) CoPi/Fe,O3 photoanodes under chopped illumination (AM 1.5 G:
100 mW cm™2). The applied potential is shown by a dashed line in the right axis. DOS of surface states in (c) bare Fe,O3 and (d) CoPi/Fe,Os as
a function of potential under illumination (456 nm LED: 5 mW cm™2) and in the dark.
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show that bare Fe,O; and CoPi/Fe,O; photoanodes exhibit
a similar distribution of density of states (DOS = C/e, where C is
the capacitance and e is the elementary charge.) in the 0.7-1.4
Vrue range. Loading CoPi on the Fe,O; surface shifts the
distribution of surface states about 100 meV towards lower
potential. Moreover, CV results in Fig. S31 after PEC water
oxidation also display similar reduction waves in the 0.8-1.4
Vrug range for bare Fe,O; or in the 0.6-1.1 Vyyg range for CoPi/
Fe,O;. Both EIS and CV results demonstrate that there are
similar distributions of surface states in bare Fe,O; and CoPi/
Fe,O; photoanodes in the 0.8-1.4 Vgyy range. Therefore,
although loading CoPi eliminates fractional surface states and
releases Fermi-level pinning revealed by fast decay in chopped
OCP results (Fig. S47), the surface states in the 0.8-1.4 Vgyg
range still exist in CoPi/Fe,0;.

The surface states in Fe,O; always act as hole trap states and
have been described as water oxidation intermediates®" or
recombination sites,” because Fe,O; is an n-type
semiconductor with a Fermi level close to the conduction
band (CB) edge. Thus, the surface states in the 0.8-1.4 Vppg
range are tentatively assigned as hole trap states for both bare
Fe,O; and CoPi/Fe,O; photoanodes. In principle, with the
existence of surface states, the photoinduced holes in the VB
might be consumed by indirect paths (water oxidation by
trapped holes: &'guface states + H2O — O, or trap-mediated
recombination) for bare Fe,Os;, besides direct paths (water
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oxidation by VB holes: &'yz + H,O — O,, or recombination).
When CoPi is loaded on Fe,03, the surface states can bring new
charge transfer paths between the photoinduced holes, surface
states and the loaded CoPi. Namely, the photoinduced holes in
Fe,O; can move to CoPi via surface states (sequential hole
transfer) besides the direct transfer of VB holes to CoPi, which
may play a vital role in CoPi/Fe,O; photoelectrocatalysis.

Charging sites of CoPi/Fe,0; at low and high potentials

Next, the photoinduced charge transfer processes were studied
to reveal the direct or sequential hole transfer processes in CoPi/
Fe,0; with the existence of surface states. Based on the position
of the energy levels, the oxidation ability of trapped holes
(surface states: 0.8-1.4 Vgyg) should be lower than that of free
holes (VB: 2.5 Vgyg)- A logical speculation is that a probe with
<1.4 Vgryg redox potential can be oxidized by trapped holes,
otherwise there will be no oxidation as schematically shown in
Fig. 2a. Thus, CoPi (Co?"**: ~1.10 Vgyg) and NiOOH (Ni®*3*:
~1.38 Vgyg) electrocatalysts were chosen as probes and depos-
ited on the Fe,O; surface (Fig. 2b). The role of surface states in
charge transfer was first studied by PIA spectroscopy at low
potential (0.8 Vgyg). The wavelength-dependent PIA responses
of CoPi, bare Fe,0;, CoPi/Fe,O; and NiOOH/Fe,O; at 0.8 Vyyg
are shown in Fig. 2c. Bare Fe,O; and CoPi display negligible PIA
intensity, illustrating that the bulk/surface recombination is too
fast to probe. In contrast, CoPi/Fe,O; presents an appreciable
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(a) Schematic of charge transfer between surface states and probes. Red and blue arrows refer to the transfer processes of photoinduced

holes and electrons, respectively. ‘x' denotes no charge transfer. (b) CV and corresponding redox potentials of CoPi and NiOOH.
(c) Wavelength-dependent PIA spectra of bare Fe,03, CoPi, CoPi/Fe,O3 and NiOOH/Fe,Os at low potential of 0.8 Vgye; left axis is PIA spectra and
right axis is the SECA spectrum of CoPi (Co?*’3*: 1.3 Ve — 1.0 Vrpe). (d) Wavelength-dependent PIA spectra of bare Fe,Os, CoPi and CoPi/Fe,O
at high potential of 1.4 Vrye; left axis is PIA spectra and right axis is the SECA spectrum of CoPi (Co®*"**: 1.7 Ve — 1.4 Vrpe)- Pump wavelength in

PIA is 456 nm (5 mW cm™2).
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PIA intensity, indicating the effective hole transfer from Fe,O;
to CoPi. Moreover, the consistence of PIA spectra of CoPi/Fe,0;
and spectroelectrochemical absorption (SECA) spectra of CoPi
(Co**®*, for calculation details, see Fig. S5t) in Fig. 2¢ indicates
that CoPi is the main hole storage site at 0.8 Vryr. Amazingly,
no PIA response is observed in NiOOH/Fe,O; at 0.8 Vgug,
corresponding to no hole transfer from Fe,O; to NiOOH and in
line with negligible photocurrent in Fig. S6.7 Since free holes in
the VB of Fe,O; can oxidize both CoPi and NiOOH, the distinct
PIA response should result from the CoPi oxidation by the long-
lived trapped holes in the surface states of Fe,O;. Thus, at low
potential, the photoinduced holes in Fe,O; mainly undergo
sequential transfer processes from the VB to surface states then
to CoPi. The spatial separation between holes in CoPi and
electrons in Fe,O; prolongs charge lifetimes (Fig. S7t1) by
suppressing charge recombination at 0.8 Vgygg. Moreover,
transient absorption spectra of CoPi/Fe,03 at 100 ms at 0.8 Viyyg
in Fig. S7et display a broad absorption which is quite similar to
the absorption spectra of oxidized Co®", demonstrating that the
long-lived transient absorption signals in CoPi/Fe,O; at lower
potential should originate from cobalt oxidation of Co*"**
rather than passivating surface states or increasing band-
bending." A combination of negligible photocurrent (Fig. 1b)
and appreciable PIA (Fig. 2¢) at 0.8 Vgyr demonstrates that the
oxidized CoPi cannot contribute to the water oxidation
processes. Therefore, at low potential, the loaded CoPi on the
Fe,O; surface serves as the charging site for photoinduced
holes, and prolongs the lifetime of holes by suppressing
recombination, but with no catalysis effect for water oxidation.

Then, the charge transfer processes were studied by PIA
spectroscopy at high potential of 1.4 Vgyg to reveal the main
charging sites during the OER. In wavelength-dependent PIA
spectra (Fig. 2d), bare Fe,O; and CoPi/Fe,0O; display similar
spectral shapes from 500 to 900 nm, while CoPi still shows no
photo-response. The PIA spectra shape is in line with the
absorption spectra of photoinduced holes in Fe,O; and
different from absorption properties of oxidized cobalt species
in CoPi (Co*”*" shown in Fig. 2c and Co*”** shown in
Fig. 2d)."»*** These results suggest that the charging sites of
bare Fe,O3; and CoPi/Fe,O3; photoanodes at high potential (1.4
Vrue) May be mainly on the Fe,O; surface. Moreover, the
similar transient absorption results of bare Fe,O; and CoPi/
Fe,O; photoanodes further confirm the assignment of same
charging sites (Fig. S8t)."**

Besides the spectral shape, an obvious increase of PIA
amplitude for CoPi/Fe,O; is observed relative to that of Fe,O; in
Fig. 2d. In order to uncover the origin of the increased
PIA amplitude, a quantitative comparison of ratios of PIA
amplitudes (PIAcopi/re,0,/PIAre,0, =1.8) and photocurrents
(Joopire,0,Jre,0, ~ 1.8) for the Fe,O; and CoPi/Fe,0;
photoanodes is displayed in Figs. S8af and S8b. The ratios
display the proportional relationship between photocurrent and
hole density (J « [A']'). However, CoPi/Fe,O; at this potential
(1.4 Vgyg) and illumination (5 mW cm™?) displays a third-order
kinetics (J o« [#']?) which will be further discussed in detail
below, suggesting that the increased PIA amplitude should lead
to a much higher ratio of photocurrents (1.83°> = 5.8). This

1864 | Chem. Sci, 2023, 14, 1861-1870
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disagreement indicates that the increased PIA amplitude is not
only derived from the increased holes in Fe,Os3, but also from
the effective hole storage in loaded CoPi. Since the PIA data are
obtained from quasi-steady-state PIA spectra measured with
a continuous pulsed light on, the initial states of cobalt ions in
CoPi/Fe,0; for PIA at 1.4 Vgyg should be the Co®' state due to
the sequential and direct hole transfer processes (Fig. S9ct).
The increased PIA amplitude in CoPi/Fe,O; (Fig. 2d) is derived
from the oxidation process of Co>*'** by photoinduced holes in
the VB of Fe,0; besides increased holes in Fe,0j3, since the
trapped holes in surface states cannot oxidize Co®"** (redox
potential: 1.47 Vgyp). The Co®>**" oxidation process via direct
hole transfer contributes little to the photocurrent of CoPi/
Fe,0; at 1.4 Vgug, which should be less than ~1 pA by evalua-
tion from the PIA amplitude in the I-¢ curve in Fig. S10.T Loaded
CoPi on the Fe,0; surface still exhibits negligible catalysis at
high potential. Therefore, at high potential (1.4 Vgyg), the main
charging sites of photoinduced holes in the CoPi/Fe,O; photo-
anode are the reaction sites on the Fe,O; surface and Co>"*" in
the CoPi electrocatalyst. Moreover, the same as that at low
potential (0.8 Vgyg), the spatial separation between holes in
CoPi and electrons in Fe,O; also prolongs charge lifetimes by
suppressing charge recombination (Fig. S11}) at high potential

(1.4 Viyp).

Potentiodynamic charge storage processes

Wavelength-dependent PIA spectra of bare Fe,O3;, CoPi and
CoPi/Fe,03; demonstrate that loaded CoPi displays two distinct
hole-storage mechanisms, where loaded CoPi on the Fe,O;
surface receives trapped holes in surface states and free holes in
the VB at low and high potentials, respectively. In order to
further uncover potential-dependent charge storage mecha-
nisms, the PIA spectra were recorded at a fixed probe wave-
length and varying potentials (0.6 Vgyg = potential =< 1.6 Vgyg)-
Since the probe wavelength of > 650 nm in PIA spectra has been
assigned to photoinduced holes on the Fe,O; surface by the
hole scavenger and potential-dependent TAS experiments
(Fig. S87),"*** the probe wavelength of 694.3 nm was used to
monitor photoinduced hole dynamics on the Fe,O; surface. The
reasonability is confirmed by the linear relationship of PIA
intensity and photoinduced hole density in Fe,O; in Fig. S10.1
Moreover, the linear relationship between absorbance and
high-valent cobalt species (holes) in Fig. S9f demonstrates that
the probe wavelength of 694.3 nm is also suitable for moni-
toring holes in CoPi.

Fig. 3a-c show the potential-dependent PIA spectra of bare
Fe,03, CoPi and CoPi/Fe,0; photoanodes. There are three regions
for a PIA spectrum, including baseline in the dark (0-0.5 s),
photoinduced species accumulation (0.5-6 s) and species
consumption after turning the light off (6-10 s). The variation
trend of PIA amplitudes with applied potential is extracted and
shown in Fig. 3d. CoPi shows no PIA response at 0.6-1.6 Vryg,
suggesting that PEC charging of CoPi is only through collecting
extraneous charges from Fe,0;. For the bare Fe,O; photoanode,
the PIA amplitudes increase monotonically to a saturation
intensity. The invariable PIA intensity above 1.2 Vyyg can

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05802b

Open Access Article. Published on 20 January 2023. Downloaded on 4/18/2026 5:06:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

View Article Online

Chemical Science

(a) 20 (b)20
—— 0.6 V(RHE)

—— 0.7 V(RHE)

0.8 V(RHE)
—— 0.9 V(RHE)
—— 1.0 V(RHE)
—— 1.1 V(RHE)
——1.2 V(RHE)

1.3 V(RHE)
—— 1.4 V(RHE)
—— 1.6 V(RHE)
—— 1.6 V(RHE)

CoPi

-
(5]

-
o

light on light off

PIA (mAOD)
PIA (mAOD)

o
3}

CoPifFe,0,

o
o
4
o
o-—‘

0 3 6 9 12 2 4 6 8 10
Time (s) Time (s) Time (s)
2. 45 3.2
(@2 s © _ U ,
is) Fe,0, 5 364 —=—CoPilFe,0O, - » —=—CoPi/Fe,0,
" |—A—CoPi g Fe203 o ] Fezoa
=) 5 2.74 £
9] £~ B
g 1.0 = £ 16
£ 2 18 0 o : .
& 051 3 3
o
g 09 % 0.8
3 oot T a
0.4 N A - >
< 00 . . . . . 00 . . . . .
T 0.6 0.8 1.0 12 1.4 16 0.6 0.8 1.0 1.2 1.4 1.6

06 08 10 12 14 16
Potential (V vs. RHE)

Potential (V vs. RHE)

Potential (V vs. RHE)

Fig. 3 PIA responses at various potentials for bare Fe,Oz (a), CoPi (b) and CoPi/Fe,Os3 (c). (d) PIA amplitudes following increasing potential
extracted from Fig. 2a—2c. Average lifetimes (z,,e) Of (€) accumulated and (f) dissipative processes for bare Fe,Oz and CoPi/Fe,O3 photoanodes in
(a and c). Pump wavelength is 456 nm (5 mW cm™2); probe wavelength is 694.3 nm; colors of curves at different potentials in (a—c) are identical.

originate from the signal overlap of inactive holes (surface states)
and active holes (VB), which is a common phenomenon for the
Fe,O; photoanode by the solvothermal method.* Increasing the
external potential results in higher percentage of active holes, but
doesn't influence PIA intensity. However, potential-dependent PIA
amplitudes of CoPi/Fe,O; display a complicated trend, first
increasing (0.7-1.0 Vgyg) and then decreasing (1.0-1.6 Vgpg)
resulting in a peak at 1.0 Vi Moreover, at the same potential,
the PIA amplitudes of CoPi/Fe,O; are greater than those of bare
Fe,0,. Because the extinction coefficients of Co*'/Co** (1 =
7332 M " em™") and Co**/Co™" (e, = 1833 M~ cm ™) in CoPi are
larger than the extinction coefficient of photoinduced holes (¢ =
637 M™' cm ') in bare Fe,O; (Fig. S107), the increased PIA
amplitude in the whole applied potential range (0.6-1.6 Vgug)
should originate from hole transfer from the Fe,O; surface to
CoPi. Combined with all PIA results in Fig. 2 and 3, the
complicated variation of PIA amplitudes in CoPi/Fe,O; can be
attributed to the transition from oxidation of Co>*/Co*" by trapped
holes in surface states at low potentials to oxidation of Co**/Co**
by free holes in the VB at high potentials. That's to say, the
difference of extinction coefficients should be the origin of the
complicated trend in potential-dependent PIA amplitudes for
CoPi/Fe,0;. Furthermore, the potential-dependent PIA spectra of
CoPi/Fe,0sz-air and CoPi/Fe,Os-Ar (Fig. S12f) with modified
surface states display a similar change trend, suggesting that the
potential-dependent PIA variation in electrocatalyst-coated Fe,O;
can be related to the distribution of surface states, free holes in
the VB and oxidation states of the electrocatalyst.

Effect of stored holes in CoPi on charge transfer

After knowing the potentiodynamic hole storage mechanisms
of loaded CoPi, the dissipation paths of holes in CoPi are
further studied to uncover the function of CoPi in PEC water

© 2023 The Author(s). Published by the Royal Society of Chemistry

oxidation. By comparing the potential-dependent PIA responses
of bare Fe,O; and CoPi/Fe,0; in Fig. 3a and c, the PIA spectra of
the CoPi/Fe,O; photoanode display slower accumulation and
dissipation processes. In order to specifically compare the
kinetic change, the lifetimes of PIA accumulation and
dissipation processes for bare Fe,O; and CoPi/Fe,O3
photoanodes are fitted using a bi-exponential function in Fig. 3e
and f (fitted results are shown in Table S17). At 0.7-0.9 Vgyg,
drastic recombination leads to no accumulation processes in
bare Fe,O;. After loading CoPi on the Fe,O; surface, the
sequential hole transfer through surface states to oxidize Co*"/**
results in the long accumulation lifetimes of 2.4~3.8 s. With
potential above 1.0 Vgyg, the accumulation processes of the
bare Fe,O; photoanode show an average lifetime of ~0.45 s,
which is faster than the shortest accumulation lifetime (~0.62 s)
in the CoPi/Fe,O; photoanode. Due to concentrated electrolyte
(1 M NaOH) and weak illumination (5 mW cm ?) in PIA
measurements, the slow accumulation lifetimes in the CoPi/
Fe,0; photoanode shouldn't be due to the CoPi deposition
caused by the local pH change under light irradiation.*
Moreover, with the increase of applied potential, the first
increasing then decreasing accumulation lifetimes in Fig. 3e
also exclude diffusion-controlled CoPi deposition. Thus, this
slow accumulation process is attributed to slow hole hopping
from the CoPi/Fe,O; interface to the CoPi bulk after cobalt
oxidation at the millisecond timescale. The prolonged
accumulation lifetimes indicate that loaded CoPi induces new
charge separation paths near the Fe,O; surface for promoting
charge separation via cobalt oxidation by photoinduced holes.
The smaller accumulation lifetimes with potential above 1.2
Vrue than that with potential below 1.0 Vryg suggest that the
direct hole transfer to oxidize Co®”** is faster than the

sequential hole transfer to oxidize Co*"’*",
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For dissipation processes, except the short lifetime (~0.6 s)
near the onset potential, bare Fe,O; displays an almost constant
dissipation lifetime about 1.2 s, in line with the understanding
of the water oxidation reaction by free holes in the VB.? Namely,
the increased potential for bare Fe,O; is used for suppressing
recombination and increasing density of free holes in the VB,
rather than changing the enthalpy or activation energy. In
contrast, the dissipation lifetimes of CoPi/Fe,O; exhibit first an
increased then decreased trend, resulting in the longest lifetime
about 2.9 s at 1.0 Vgyg. Due to the weak contribution to water
oxidation of CoPi (Fig. 2c and d), the slow PIA decay should be
attributed to the recombination process between stored holes in
CoPi and photoinduced electrons on the Fe,O; surface. The
dissipation lifetimes of 1.6 ~ 2.9 s (0.7-1.0 Vgyg) directly
demonstrate the effective suppression of charge recombination
by Co®* states. When external potential increases to 1.6 Vgyg,
the dissipative average lifetime (~1.6 s) is still longer than the
dissipation process of bare Fe,O;3 (~1.2 s), indicating that the
oxidized Co*" states also suppress the charge recombination
effectively. The suppressed charge recombination is also
supported by the TAS and TPC results (Fig. S7 and S117).

Then, the charge recombination between oxidized CoPi and
Fe,0; was investigated at high potential, to confirm the roles of
oxidized Co*" in PEC processes. In principle, if the Co**
concentration is high enough in CoPi for the CoPi/Fe,O;
photoanode at the ground state, photogenerated hole transfer
from Fe,O; to CoPi under illumination will be blocked. In
consequence, more recombination events of photoinduced
electrons and holes in CoPi will be observed, which will lead to
decreased PIA amplitude. In order to confirm this hypothesis,
CoPi was loaded on the porous Fe,O;. Since the conductive
substrate (FTO) is partially bare, there exist triphasic interfaces
of FTO/CoPi, FTO/Fe,O; and CoPi/Fe,O;, as shown in
Fig. S13a.f When potential is applied to CoPi/porous-Fe,0s3,
CoPi can be directly oxidized to high-valent cobalt species (Co*")
resulting in typical redox waves (Fig. S13bt). Then the charge
transfer processes of CoPi/porous-Fe,O; are studied using PIA.
CoPi/porous-Fe,O; shows similar potential-dependent PIA
spectra to that of the above dense CoPi/Fe,O; under low light
intensity irradiation of 5 mW cm ™ (Fig. S147). As expected, the
PIA spectra in Fig. 4a display a negative amplitude at high
potential (1.5 Vgyp) and under illumination (30 mW cm™?).
Additionally, the chopped photocurrent at 1.5 Vgyg in Fig. 4b
shows a disappearing transient spike, which can be understood
by electron shunt transfer. Photoinduced electrons don't move
from the porous Fe,O; surface to the bulk then to FTO, but from
the porous Fe,O; surface to CoPi then to FTO resulting in
a positive current. The oxidized CoPi can effectively capture
photoinduced electrons, resulting in a flow of electrons at the
moment of suddenly turning the light on/off. Because the flow
of electrons induced by CoPi is opposite to the flow of back
electrons, the disappearing transient spikes are observed. Thus,
both PIA and photocurrent results of porous Fe,O3; with
loaded CoPi directly demonstrate the possibility of charge
recombination between Co®" species and photoinduced
electrons of Fe,O;. Therefore, at high potential, loaded CoPi on
dense/porous-Fe,O; serves as a mediator to fast capture holes in
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the VB of Fe,O; followed by slow consumption by
photogenerated electrons of the Fe,O3 surface, which can slow
down the recombination process and produce more long-lived
holes for water oxidation.

To further understand the roles of electrocatalyst-mediated
charge transfer processes in the PEC water oxidation reaction,
we correlate reaction rate and hole density for Fe,O; without/
without CoPi loading at increased potential. The light-
intensity-dependent PIA spectra were recorded for bare Fe,O;
and CoPi/Fe,0O; photoanodes. In Fig. 5a and b, PIA amplitudes
for the two photoanodes increase with light intensity increasing
at a fixed potential, suggesting more holes on the Fe,O; surface
and promotional oxidation for CoPi. According to previous
reports,*** the photoinduced hole can directly be regarded as
areactant, and its reaction parameters can be quantified by rate
analysis (r = J = k x [A']®, where r is the reaction rate and
equivalent to current density (), k is the rate constant, [4]" is the
hole density and g is the reaction order). Due to the linear
relation of PIA intensity and hole concentration in Fig. S15,f the
reaction orders at changed potential from 0.6 Vgyg to 1.6 Vgug
are calculated and shown in Fig. 5c and d. Although PIA
amplitudes of Fe,O; under fixed illumination display saturation
above 1.2 Vyyg due to surface states, there is an effective rate
analysis at the fixed potential and changed illumination in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(f) Log(current) versus hole density from EIA spectra for the CoPi

electrocatalyst. The inset shows the rate law analysis with corrected hole density for the CoPi electrocatalyst.

Fig. 5a. This result demonstrates that there is a linear scaling
relationship of photoinduced hole density distribution between
the VB and surface states in the present study. With potential
increase, the reaction order of Fe,0; displays first an increase to
a maximum value (from zero to fourth) and then a decrease to
a constant (from fourth to third) value in Fig. 5e, implying that
surface states participate in or modulate the surface reaction.
After loading CoPi on the Fe,O; surface, in line with the scaling
relationship of hole density with PIA (Fig. S15dt), a similar
linear shape for the reaction order-potential relation is
obtained. Particularly, the maximum (fourth) and constant
(third) reaction orders for CoPi/Fe,O; arise at lower potential
than bare Fe,O; (Fig. 5e), illustrating similar functions of
surface states and coated CoPi electrocatalyst. Furthermore,
Fig. 5f demonstrates that the relationship of hole density
(electro-induced absorption (EIA) intensity) and current in the
CoPi electrocatalyst obeys an Eying-like equation (log(J) « [A"])
reported by Hong Nhan Nong,* rather than rate analysis that
shows a  high-order reaction (8 = 9) for
electrocatalytic current from microampere to milliampere.
These results demonstrate that surface states and the loaded
electrocatalyst can directly receive and store a part of holes from
the VB of hematite, but don't affect the reaction kinetics of
reaction sites.

Discussion

The charge transfer processes for three kinds of hole
storage sites at the interface of Fe,O;, CoPi and water under
illumination and at applied potential are summarized in
Scheme 1. As discussed above, there are surface states for bare
Fe,O; with a potential distribution in the 0.8-1.4 Vgyg range.

© 2023 The Author(s). Published by the Royal Society of Chemistry

These surface states are occupied by intrinsic electrons, which
can only be removed by illumination (trapping holes). Due to
limited oxidation activity, the surface states play a role in
aggravating recombination of photoinduced charges resulting
in large onset potential of bare Fe,O;. Moreover, the holes of
surface states at low potential (<0.8 Vgyi) can only oxidize Co*
to Co*" rather than Co®" to Co*" and water oxidation, which is
the main charge transfer path in the CoPi/Fe,O; photoanode
(the left panel of Scheme 1). This process is a sequential hole
transfer from the VB to surface states (ps ~ ns)* then to CoPi
(~0.6 s), followed by recombination with photoinduced
electrons (=1.3 s) resulting in dissipation of hole energy. Slower
recombination in CoPi/Fe,O; is the origin of the negative shift
of onset potential.

At high potential (=1.4 Vryg), the space charge region and
band-bending of Fe,O; will be broadened and increased,
respectively (the right panel of Scheme 1). Under quasi-steady-
state illumination and at high potential, photoinduced holes
can completely fill the surface states and oxidize Co** to Co** via
the sequential hole transfer process. Although surface states on
the bare Fe,O; surface can be completely occupied by trapping
holes, the photocurrent is still lower than the theoretical value
due to inevitable recombination loss by back electrons
(Fig. S11t). Because of the delayed recombination process at
high potential, more high-energy and long-lived holes in the VB
will be generated to directly contribute to water oxidation (OER:
~0.2 s), as well as Co** oxidation (Co****: ~0.8 s). Nevertheless,
although CoPi acts as the hole storage site, CoPi still doesn't
contribute to PEC water oxidation due to low Co*" density.
However, the stored holes in CoPi are not static spectators
but dynamic charge mediators, which can again capture
photoinduced electrons for a long time. Owing to spatial charge

Chem. Sci, 2023, 14,1861-1870 | 1867
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separation of photogenerated electrons (Fe,O; surface) and
trapped holes (CoPi electrocatalyst), CoPi/Fe,0; displays longer
recombination lifetimes resulting in enhanced PEC
performances.

As shown by the spectroscopic results, the delayed
recombination between photogenerated electrons of Fe,O; and
trapped holes of CoPi electrocatalyst due to spatial charge
separation will improve PEC performances of CoPi/Fe,Os,
which can be applied to all potentials with photo-response.
There are connections and differences between this new
viewpoint and previous reports. Although surface state
passivation to decrease recombination is common
understanding,>**>*° the EIS results in Fig. 1d reveal that loaded
CoPi leads to more surface states, demonstrating negligible
contribution of surface state passivation. Using TAS and PIA,
Durrant found consistent spectral shapes and long-lived holes
after loading CoPi on the Fe,O; surface, which are attributed to
enhanced electron depletion by broadening the space charge
region.'**>*** Besides reproducing the reported results, our
potential- and light-intensity-dependent spectra further reveal
that loaded CoPi on the Fe,O; surface displays potentiodynamic
hole storage mechanisms and acts as a hole storage site of
delayed recombination. On the other hand, although Boettcher
claimed the direct catalysis evidence of CoPi by tracking surface
potential of loaded CoPi in PEC water oxidation,'® the
microscopic measurement of AFM might not reflect the overall
character of loaded CoPi electrocatalyst. Nevertheless, because
of the ensemble-averaged measurements in spectroscopy,

1868 | Chem. Sci, 2023, 14, 1861-1870

present experiments can't completely exclude that a loaded
electrocatalyst (like CoPi) on the Fe,O; surface has no contri-
bution to water oxidation. Instead, we are convinced that a large
proportion of the electrocatalyst only acts as a mediator that
stores photoinduced holes and recombines with photo-
generated electrons. Considering the key role of photo-
generated electrons in PEC performance of Fe,O;, several
strategies of influencing photogenerated electrons on/near the
surface were employed, which display considerable PIA differ-
ence (Fig. S161), such as decreasing density of electron trap
states by surface covalent doping with fluorine (Fig. S16at),*”
reducing reverse recombination of electrons via surface insu-
lator modification (SnO,) (Fig. S16b1)*® and enhancing separa-
tion efficiency of photoinduced charges by constructing a built-in
electric field using a homojunction (Fig. S16ct).”> These results
demonstrate that controlling recombination of photogenerated
electrons plays a remarkable role in charge dynamics, highlighting
the importance of regulating charge transfer processes at the
semiconductor-electrolyte interface.

Conclusions

We studied the charge transfer mechanisms among surface
states, reaction sites and the coated electrocatalyst in Fe,O3
without/with CoPi by PIA spectroscopy. Surface states in Fe,O3
are not removed by loading CoPi, but serve as a mediator. At low
potential, photoinduced holes of the VB are preferentially
trapped into surface states and trapped holes further move to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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CoPi, presenting a sequential hole transfer. Photoinduced holes
at high potential are prone to direct water oxidation by holes of
the VB on the Fe,O; surface, resulting in constant and
decreasing PIA signals for Fe,O; and CoPi/Fe,O; photoanodes,
respectively. Namely, there appears a dynamic transition in
collecting holes for CoPi from surface states to the VB with
increasing potential. More importantly, loaded CoPi did not
serve as a catalyst to change third-order water oxidation reaction
kinetics on the Fe,O; surface, but promotes spatial separation
of photoinduced charges resulting in long-lived holes for
facilitating PEC water oxidation performance. The dynamic
charge collecting mechanism not only deepens the
understanding of the roles of the loaded electrocatalyst in PEC,
but also helps the designing of the microstructure of
electrocatalyst loaded photoanodes.
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